Cigarette smoking has been associated repeatedly in observational studies with decreased risk of Parkinson's disease (PD), but its relationship to the risk of dementia or Alzheimer's disease (AD) is inconsistent. All of these studies have used clinical diagnoses of disease. We tested the hypothesis that lifetime cigarette use might be associated with reduced risk of neuropathologic changes of Lewy-related pathology (LRP) in multiple brain regions or with reduced risk of consensus neuropathologic changes of AD in a prospective community-based study of brain aging and dementia, the Adult Changes in Thought (ACT) study. We observed that heavy lifetime cigarette smoking (> 50 pack years) was associated with significantly reduced relative risk (RR) for LRP, but not AD-type pathologic changes, after correcting for selection bias, and with significantly reduced frequency of LRP in the substantia nigra. These findings are the first of which we are aware to associate reduced LRP in human brain with any exposure, and substantiate observational studies that have associated cigarette smoking with reduced risk of PD. Although cigarette smoking is too toxic to suggest as a treatment, if confirmed, these findings may guide future therapeutic strategies that attempt to suppress LRP in human brain by other means.
Introduction
Parkinson's disease (PD) and Alzheimer's disease (AD) are two common age-related neurodegenerative diseases. Each disease has consensus clinical criteria for a "probable" diagnosis; however, definitive diagnosis of either requires neuropathologic examination (6, 15) . PD is prominently a movement disorder defined pathologically by regionally ordered accumulation of Lewy bodies and related structures referred to as Lewyrelated pathology (LRP) (3), whereas AD is a form of dementia characterized pathologically by density of neuritic plaques (NPs) and regionally ordered accumulation of neurofibrillary tangles (NFTs) (1) . The clinical situation is further complicated by a condition called Dementia with Lewy Bodies (DLB) that most commonly is characterized by the presence of LRP with or without typical AD pathologic changes (12) . Importantly, by current clinical criteria, it is difficult to distinguish AD from DLB with high specificity (23) . This means that research cohorts of clinically defined probable AD are varyingly "contaminated" to an unknown extent by patients with LRP.
A concerted research effort is under way to identify therapeutic interventions that suppress accumulation of NPs, NFTs, or LRP by blocking formation or promoting clearance from brain. One clue to an effective treatment may reside in smokers. Indeed, at least a dozen case-control or cohort studies from across the globe have reported that cigarette smoking is inversely associated with Parkinson disease (PD) (20) (21) (22) . A pooled analysis of 11 of these observational studies (2,816 cases and 8,993 controls) confirmed inverse associations between clinically diagnosed PD and smoking that were stronger in current than former smokers, stronger for Caucasian and Asian than Hispanic and African American patients, and inversely associated with pack years smoked at every age of onset except those older than 75 years, but not related to sex (20) . More recently, the Cancer Prevention Study II Nutrition Cohort (143,325 participants followed over 9 years), investigated the relationship between cigarette smoking and 413 cases of incident PD (22) . Consonant with previous observations, participants who smoked into older age had the lowest risk of incident PD that did not differ between men and women; a 30 to 60% reduction in risk for incident PD was observed for those who smoked up to 24 years prior to diagnosis of PD. These observations have inspired experimentation and speculation on the role of nicotine as a modulator of dopaminergic neurodegeneration (19). Despite these many clinical and experimental studies, we are unaware of any neuropathologic study that has pursued the structural correlates of the apparent protective effect of smoking in patients with PD. Thus, it remains unknown if smoking is associated with reduced LRP in parallel with decreased risk for PD.
In contrast to PD, outcomes from a similar number of observational studies of smoking and the risk of clinically diagnosed AD or all-cause dementia have been highly inconsistent [reviewed in (7) ]. As mentioned, the common "contamination" of clinically defined AD cohorts with DLB and its associated LRP confounds interpretation of these observational studies. As with PD, we are unaware of any neuropathologic study that has investigated the associations between smoking and the burden of structural changes observed in dementia. Thus, it remains unknown whether smoking is associated with reduced pathologic changes of AD, LRP, both, or neither. In this study we addressed this gap in knowledge by determining the association between lifetime cigarette use and pathologic changes of AD (NPs and NFTs) or LRP in a prospective cohort study of dementia.
Methods

Participants
The Adult Changes in Thought (ACT) study is a community-based prospective cohort study that enrolled participants from the Seattle-area members of the Group Health Cooperative (GHC), the largest health maintenance organization based in Puget Sound region. The base population for the ACT study was GHC members who were 65 years or older. Cohort enrollment occurred between 1994 and 1996. A simple random sample (n=6,782) was drawn from the study base. Initial review excluded potential subjects with existing diagnosis of dementia or those who were in a skilled nursing facility. Of the 5,422 eligible subjects, 2,841 (52%) refused to participate in the longitudinal ACT study due to a variety of medical, personal, and other reasons. Refusals prior to enrollment were somewhat more common among subjects in the oldest age group and among women, although the numbers enrolled in these groups were still sufficient to provide relatively stable incidence estimates. There were no exclusions for PD or other movement disorders, as long as the participants were cognitively normal at enrollment. Of the eligible subjects, 2,581 provided informed consent and were enrolled in the ACT cohort. These participants provided demographic information, medical history, family history, psychosocial history, and known or suspected dementia risk factors during an in-person interview. As of June 2007, 1,167 participants in the ACT cohort had died, of these 250 had undergone autopsy, and 238 had complete neuropathologic assessment.
Detailed ACT study design and methods have been described (11) .
Exposure measurement
We administered questionnaires and acquire neuropsychological measurements using the CASI on all ACT participants every 2 years. The questionnaire data includes overall self-rated health status, smoking history, and alcohol history. Smoking habits were assessed at baseline and reassessed at each biennial visit when the number of cigarettes smoked per day and the number of pipes or cigars smoked per week was estimated. Lifetime pack years of smoking was calculated from the information obtained in the biennial questionnaires, and was defined as the average number of packs of cigarettes smoked per day multiplied by the number of years that the individual smoked.
Outcome measurement
All brain autopsies were performed following appropriate informed consent and approval of IRBs. We performed a standard neuropathologic workup blinded to clinical measures or smoking status that included gross and microscopic examination of all autopsied subjects. Histological evaluations included hematoxylin and eosin (H&E), modified Bielschowsky, and Congo Red staining. In addition, we performed alpha-synuclein (SNCA) immunohistochemical analysis (antibody LB509, dilution 1:400; generous gift from John Q. Trojanowski) in the medulla, substantia nigra, hippocampus, entorhinal cortex/parahippocampal gyrus, amygdala, cingulate gyrus, and frontal cortex exactly as previously described (12) . We followed the consensus criteria that included both classic Lewy bodies (as seen with H&E histological stain) and abnormal SNCA deposition in Lewy inclusions and neurites; in aggregate, these are referred to as LRP (12, 14) . Braak stage for neurofibrillary tangle (NFT) distribution (2) and Consortium to Establish a Registry for Alzheimer's Disease (CERAD) neuritic plaque (NP) score (17) were determined for each case. Cases with a Braak NFT stage of IV, V, or VI and CERAD NP score of B or C were judged to have met neuropathologic criteria (NC) for AD and are referred to as AD neuropathologic change (ADNC) (10) .
Statistical analysis
The primary neuropathologic outcomes considered were LRP and ADNC. The exposure of interest was lifetime pack years of smoking calculated from information obtained in the biennial questionnaires as described earlier.
Because of the potential for measurement error in self-recalled smoking, we elected to base our primary analyses on three categories: non/light smokers (0-5 pack years); moderate smokers (>5-50 pack years); and heavy smokers (>50 pack years). Analyses were also carried out using continuous pack-year data and several other categorizations to establish robustness of the primary analyses. In addition, possible non-linearity of exposure-response between neuropathologic changes and pack years was explored using cubic splines (4) Differences in demographic and autopsy measures across smoking groups were assessed using ANOVA for continuous measures and Fisher's exact test for categorical measures. Relative risk (RR) of neuropathologic changes by smoking status was estimated using a generalized linear model (GLM) with a log link, Gaussian error, and robust estimates of the standard errors of the model coefficients (13, 16) . We used moderate smokers (>5 -50 pack years) as the referent. RRs were adjusted for age at death and gender, which we believe to be the primary potential confounders based on previous studies that showed that older age and male gender are associated with smoking status and PD (9) .
Participants who underwent autopsy were a self-selected sample of deceased ACT participants. Full neuropathologic assessment was not possible to complete on 12 autopsies because of inadequate tissue sampling; for simplicity, we will henceforth refer to "autopsied" subjects when we mean "autopsied with complete neuropathologic assessment". Differences in demographic and clinical measures between those deceased members of the ACT cohort for whom an autopsy was or was not performed were assessed using Student's t-test for continuous measures and Fisher's exact test for categorical measures. Potential selection bias was addressed by inverse probability weighting to adjust the composition of the autopsied group to reflect the characteristics of the deceased group as a whole (24) . This method essentially creates a pseudo sample, in which the autopsied subjects are weighted by the inverse of the probability of being autopsied. In this way, the autopsied subjects account in the analysis for those deceased subjects with similar characteristics who were not autopsied. It was assumed that--given information on age at death, gender, ethnicity (Caucasian vs. other), marital status, baseline CASI score, follow-up time and clinical diagnosis of dementia during follow-up--neuropathologic results of deceased subjects could be regarded as missing at random. Using information on these covariates for all deceased subjects (n=1,167), logistic regression was used to estimate the probability that a deceased participant underwent autopsy. The inverses of these probabilities were used as weights in the GLM models described earlier to obtain estimates of RR of neuropathologic changes by smoking status that were adjusted for selection bias. Ten thousand bootstrap replications were applied to this GLM analysis, and 95% confidence intervals for the RRs were constructed using the BCa method (5). Statistical significance was set at α=0.05.
Results
Relative to those deceased subjects who were not autopsied, participants who were autopsied were significantly older at time of death, had greater time elapsed between study entry and death, were more likely to be Caucasian, had higher education levels, higher baseline CASI scores, lower rates of self-reported hypertension and coronary artery disease, and higher rates of dementia diagnosed during the ACT study ( Table 1 ). The autopsied and not autopsied ACT participants did not significantly differ in marital status, body mass index (BMI), diagnosis of diabetes mellitus (DM), diagnosis of cerebrovascular accident (CVA), frequency of APOE ε4 allele, or smoking status. Information on smoking history was available for all 238 autopsied subjects. Demographic and clinical characteristics of autopsied participants by pack years of smoking are presented in Table 2 . Compared with moderate and heavy smokers, non-/light smokers died at older age and were more commonly female. Table 3 shows neuropathologic changes stratified by smoking history. Despite being more commonly male, heavy smokers tended to have less LRP across all brain regions: 19% of heavy smokers, 31% of moderate smokers, and 35% non/light smokers. This pattern was statistically significant only in the substantia nigra (p=0.04, Fisher's exact test), where LRP was found in 5% of heavy smokers vs. 21% or 18% in moderate or non/light smokers, respectively. No other significant association was observed between neuropathologic endpoints and smoking status. For those with LRP, classification of LRP predominance (12) are as follows: amygdala (n=15), brainstem (n=23), limbic (n=15), neocortical (n=13), unclassified (n=6). We defined a summary index of AD neuropathologic change (ADNC) as Braak NFT stage IV, V, or VI, and CERAD NP score of B or C per NIA/Reagan criteria. As expected, LRP was more commonly co-morbid with ADNC (43%) than without ADNC (26%; p = 0.03, Fisher's exact test). Individuals with LRP vs. those without LRP were similar for mean [standard deviation (SD)] age at death [87 (7) years vs. 86 (7) years] and more commonly male (50% vs. 40%), but these differences were not statistically significant. Table 2 Demographic and clinical characteristics by lifetime pack years for 238 participants with autopsy Table 3 Neuropathologic characteristics by lifetime pack years for 238 participants with autopsy Table 4 presents the estimated relative risk (RR) of LRP by pack-year category with the moderate smokers as the reference group. Although the association, adjusted for age at death and gender, was not statistically significant, heavy smokers had lower risk of LRP than moderate smokers [RR (95% CI) 0.55 (0.28, 1.07)]. Figure 1 shows a cubic spline smooth estimate of the (unadjusted) relationship between pack years and risk of LRP using a generalized linear model (GLM). Estimates adjusted for covariates and for selection bias were similar in structure. The smoothed association indicated declining risk of LRP beyond about 40 pack years of smoking, but with extremely wide point-wise confidence bounds. To assess sensitivity to outliers with very heavy smoking, the GLM analysis was repeated, omitting those who smoked more than 80 pack years (n=10). Similar GLM models using continuous pack years and different categorizations of pack years were also assessed. All analyses consistently yielded results that were suggestive, but not conclusive, of a decrease in risk of LRP for the heaviest smokers. Figure 1 Cubic spline estimate and associated point-wise 95% confidence bounds of the association between the probability of Lewy-realted pathology (LRP) and smoking pack years. Observed pack years of smoking by LRP status is indicated below (absence of LRP) and ...
Table 4
Relative risk (RR) and 95% confidence interval (CI) for the relationship between neuropathologic changes and smoking
The possible impact of selection bias was assessed by a weighted GLM analysis, with the observation for each autopsied subject weighted by the inverse of his or her estimated probability of being autopsied. These estimated probabilities ranged approximately from 3% to 60% and were based on a logistic regression analysis using the following covariates: age at death, gender, ethnicity (Caucasian vs. other); marital status (married, unmarried, other); baseline CASI score, follow-up time; and clinical diagnosis of dementia during follow-up. After adjustment for selection bias, the estimated RR of LRP for heavy smokers compared to moderate smokers was 0.43 (95%CI 0.15, 0.90), similar to the estimated RR without adjustment for selection bias, but stronger and statistically significant. However, the statistical significance was sensitive to a few influential subjects who were given relatively large weight because their characteristics were under-represented in the autopsy sample. For comparison, Table 4 presents the estimated RR of ADNC by pack-year category with the moderate smokers again as the reference group. There was no evidence of an association between pack years of smoking and risk of developing ADNC, adjusting for age at death and gender, regardless of whether or not a selection bias adjustment was included. The interactions between pack-year category and ADNC in a generalized linear model for LRP, adjusting for age at death and gender, were not statistically significant either with or without selection bias adjustment.
Discussion
In this community-based study, we observed cigarette smoking was associated with significantly reduced RR for LRP after correcting for selection bias and with significantly reduced frequency of LRP in the substantia nigra. This apparent protective effect was observed only in heavy smokers, suggesting the possibility of an exposure-response relationship. These findings are of interest because they are the first, of which we are aware, to associate reduced LRP in human brain with any exposure. Moreover, they suggest that substantia nigra neurons, a major target of LRP-associated neurodegeneration, may be especially receptive to this form of neuroprotection. Although cigarette smoking is too toxic to suggest as a treatment, these findings, if confirmed, may guide future therapeutic strategies that attempt to suppress LRP by other means (18) .
Our study has several strengths. One is this community-based sample derived from a typical urban/suburban US population. Furthermore, our subjects were a prospectively followed cohort of initially non-demented community-dwelling elderly individuals. This prospective study design limits the type of biases common in case-control studies (e.g., recall bias, since information on smoking was collected at enrollment prior to the development of any cognitive impairment, as well as from biennial questionnaires). Finally, neuropathologic data were collected by investigators who were blinded to exposure data and clinical information.
Several shortcomings and caveats exist that limit the generalization of our findings. First, individuals must have survived to age 65 years without dementia in order to enroll in ACT. Therefore, individuals who died younger than 65 years of age from the carcinogenic, cardiovascular, or pulmonary complications of cigarette smoking were not included. This might be a source of bias as one could speculate that smokers who survive to age 65 years may represent an especially metabolically vigorous group that is resistant to the damaging effects not only of smoking but also processes that lead to the development of LRP. From this perspective, it is at least interesting to note that smokers in our study did not have significantly altered levels of AD pathologic changes, perhaps undermining this speculation. Regardless, we must acknowledge the possibility that the apparent impact on LRP is not causally related to smoking status, but rather is a consequence of other, unmeasured, factors that are associated with heavy smoking in subjects who survive to old age.
Although this is one of the largest samples of autopsied individuals followed in a prospective cohort study, another shortcoming is interpreting null findings when sample sizes are small. This may have contributed to the apparently regionally restricted statistically significant exposure-response relationships, where our results consistently indicated reduced LRP in heavy smokers but the small sample size in this group (n=42) limited our analytical power. We also recognized a trend for association with AD neuropathologic changes, but note that this was less consistent than the association of reduced LRP in heaviest smokers. Thus, while the LRP-smoking association is likely strongest among standard neuropathologic measures of neurodegeneration, further study and larger samples will be needed to confirm not only our positive but also our negative findings.
We investigated LRP but did not further subclassify cases into clinico-pathological groups such as PD or DLB. This is a strength if LRP represents a disease entity that has varied clinical presentations, the view to which we subscribe. Regardless, we lack sufficient number of cases to meaningfully stratify our sample into clinicopathologic groups and so to await larger studies to determine if our association of heavy cigarette smoking with reduced LRP is restricted to certain clinical presentations of LRP. One speculation-as the association observed was strongest for LRP in the substantia nigra-is that heavy cigarette smoking might be more strongly related with reduced risk of parkinsonism from LRP than of cognitive impairment from LRP; this resonates with observational studies of smoking and clinical diagnosis of PD or AD (7, (20) (21) (22) .
As estimates based on autopsied subjects alone may be subject to selection bias, we attempted to assess the strength of our findings by carrying out weighted analyses that effectively created a "virtual" sample in which all deceased ACT subjects had been autopsied. This approach assumes that-conditional on the specified covariates-neuropathologic data lacking from individuals who did not undergo autopsy were missing at random, or, in other words, that-within covariate strata-the distribution of neuropathologic changes was the same in those who were and who were not autopsied. Although this seems reasonable, it is not possible to test this assumption. Adjusting from the autopsy group to all deceased members of ACT is appropriate because of known important differences between these two groups (e.g., prevalence of dementia). Moreover, adjusting our results to account for these known differences between the autopsy group and all deceased members of the cohort enhances our ability to generalize our conclusions to those individuals who met eligibility criteria for ACT and who were followed till death within a given time period. Further selection bias adjustments of our analyses to reflect the entire ACT cohort (living and deceased) are theoretically possible, but require knowledge of potential systematic differences between the survivors and the deceased. Such knowledge is limited, and in some cases not measurable. Thus, although recognizing the theoretical advantages of adjusting for selection bias between the autopsied and the entire cohort, we have elected not to attempt further adjustments of our findings to reflect the entire ACT cohort because of the potential inaccuracy of these extrapolations.
Finally, cigarette smoking may act directly to inhibit alpha-synuclein fibrillation. Compounds such as nicotine and hydroquinone in cigarettes might cause such inhibition (8) . Alternatively, cigarette smoking may serve as a surrogate for factors that might reduce the risk for the development of PD or LRP. For example, behavioral traits that may increase the risk for cigarette smoking may be associated with the clinical and/or pathological manifestation of PD. Additional molecular biological studies are necessary to determine whether smoking directly affects the neurochemical aspects of LRP or alternatively, whether smoking indirectly reduces the risk for developing PD via other mechanisms. In summary, we observed an association between cigarette smoking and reduced risk of developing LRP, but not AD pathologic changes, in the heaviest smokers. These findings are consonant with earlier studies of diminished risk of clinically assessed PD with cigarette smoking, suggest one explanation to partially account for widely varying results of observational studies of smoking and dementia, and may provide new insights into developing alternative therapeutics to suppress the development of LRP in the elderly.
